[1] Many studies have investigated bubble size distributions in the ocean, but the measured size range does not normally extend to bubbles with a radius below 20 mm. Bubbles smaller than this are thought to have a significant effect on the optical properties of the ocean, potentially affecting remotely sensed measurements of ocean color and the optical detection of particulates and dissolved matter. Such optical data are becoming the major source of oceanic information about algal blooms, primary productivity, sediment loading and the spread of pollutants. The challenges associated with measuring these bubbles are difficulty of calibrating sensors with independent bubble size measurements and lack of knowledge about the organic coating on the bubbles. This paper describes simultaneous oceanic measurements of these small bubbles using independent optical and acoustical techniques. These measurements agree well, and an investigation of the bubble coating parameters was made. Both the optical and acoustical properties of bubbles are affected by this organic coating, and a comparison of these measurements narrows down the choice of possible coating parameters. Our results suggest that the bubbles measured in this study were likely to have a coating with a thickness of 10 nm and a refractive index of 1.18, and that the coating thickness is the more important parameter for optical inversions. The research described here is the first attempt to constrain these parameters in the ocean using two independent techniques and suggests that further studies of this type could result in significant insight into oceanic bubble coatings. 
Introduction
[2] Oceanic bubbles are known to have a significant effect on the optical [Flatau et al., 2000; Frouin et al., 2001; Piskozub et al., 2009; Zhang et al., 1998; Stramski, 1994; Stramski and Tegowski, 2001] and acoustical [Terrill and Melville, 2000; Ainslie, 2005] properties of the top few meters of the ocean. In addition, they are thought to be important for a range of marine processes, including air-sea gas transfer [Farmer et al., 1993; Wanninkhof et al., 2009] , aerosol production [Fuentes et al., 2010] and scavenging of surfactants [Zhou et al., 1998 ]. The investigation of these influences ideally requires precise measurement of bubble populations with adequate temporal and spatial resolution, but these measurements are still very challenging to make. The greatest difficulties are associated with two extremes. The first is immediately after a wave breaks, the period of a second or so which is associated with very high void fractions and a rapidly changing bubble population. The second is the focus of this study, and it is the persistent population of small bubbles (approximately 0.1-100 mm in radius) which may remain for tens of minutes after a wave breaking event [Blenkinsopp and Chaplin, 2011; Caruthers et al., 1999] . These small bubbles can have a significant influence on the inherent optical properties of the water [Terrill et al., 2001; Zhang et al., 2002] and consequently also on satellite studies of ocean color and optical measurements of suspended or dissolved material. Very few oceanic measurements have been made of bubbles less than 20 mm in radius. For this study, data was collected in the open ocean using simultaneous optical and acoustical bubble detection techniques, with the aim of refining both methods for detection of these small bubbles. In particular, the effect of the bubble coating parameters used is investigated.
[3] The smaller a bubble gets, the more surface tension increases the pressure inside the bubble over the external pressure, favoring rapid dissolution of the contained gas. So far, the only explanation that can account for the observed persistence of tiny bubbles is that they are coated in organic compounds which stabilize them against dissolution. The complexity of ocean chemistry has limited the studies of this to date, and it is difficult to estimate what the organic coatings may consist of and how thick they are. Several authors, for example Wurl et al. [2011] and Frew et al. [2006] have investigated the concentration and distribution of surface-active chemicals, and they conclude that the surfactant mixture is highly complex and can vary over relatively short length scales. The coating is less significant for larger bubbles (greater than approximately 50 mm in radius), but is known to affect both the optical and acoustical properties of smaller bubbles. Since these are the main methods available for small bubble detection, and interest in this area is increasing, it is timely to study the influence of coatings on these techniques.
[4] Organic coatings are known to have a relatively small influence on the optical forward scattering caused by bubbles, but can increase backscattering by a factor of 4 [Zhang et al., 1998 ]. For spherical bubbles (with or without a coating), it is straightforward to use Mie theory to calculate the volume scattering function expected from a single bubble with a known radius and coating. It has been demonstrated [Zhang et al., 2011 ; also see M. Twardowski et al., The optical volume scattering function in the surf zone inverted to derive particulate sediments and bubble populations, submitted to Journal of Geophysical Research , 2011] that if the volume scattering is known for bubbly water, it is possible to invert the data to find the bubble population most likely to have generated the observed optical effect. However, the uncertainty about the bubble coating is a potential limitation on this technique.
[5] Organic coatings have a small (but still significant) effect on acoustical bubble measurements. Most of the research of their effect on bubble acoustics has been for medical applications and specifically ultrasound contrast agents [de Jong and Hoff, 1993; Hoff et al., 2000] . The acoustical effects of the coatings on oceanic bubbles are almost entirely unstudied. However, acoustical techniques have rarely been used for measurements of bubbles as small as those of interest in this study, and as acoustical techniques to detect smaller bubbles are developed, the acoustical effects of the coating must be examined.
[6] Simultaneous optical and acoustical measurements of bubbles have been made in the past [Su et al., 1994] , but the bubble size range was limited and the focus was a general comparison of the techniques. Here, the opportunity to make both simultaneous optical scattering and acoustical measurements of small bubbles (with radii less than 30 mm) in the ocean has allowed an investigation of several topics. The inversion of optical data may produce several "optically equivalent" bubble populations, and the differences between these are explored. The acoustical measurements are used to guide the choice of the bubble coating thickness and refractive index used for the optical inversions. The performance of the acoustical resonator for bubbles less than 20 mm in radius is assessed by comparison with the optical inversion results. A brief study of the effect of bubble coatings on the acoustical results is made. Finally, the combination of simultaneous measurements reduces the uncertainty in the final bubble size distribution, and using these results it is possible to comment on the bubble plume behavior in one particular environment. Twardowski et al. (submitted manuscript, 2011) , with a brief summary here. Its source beam is a 30 mW 658 nm laser diode expanded with a Gallilean 2X Beam Expander to an approximately 3 × 8 mm elliptical shape. A wedge depolarizer is used to provide the unpolarized light needed for VSF determinations. Independent silicon diode detectors spaced in a semicircle 10 cm around the sample volume measure the volume scattering at 10°intervals. The total path length for all scattering measurements (distance from center of source window to center of sample volume to center of detector window) is 20 cm. Independent detectors allow resolution of the VSF without any moving parts and time-consuming scanning. Detector fields-of-view range from 0.8°to 5°for the different detectors, with the narrowest fields of view associated with the detectors measuring scattering at the most forward angles. Sample volumes for the seventeen measurements are approximately 1 cm 3 . The worst case signal:noise is 300:1 for total scattering levels of approximately 0.1 m −1 . The MASCOT was designed to minimize the possibility of stray light contamination in measurements by (1) keeping the form factors of the detectors and associated structural elements as minimal as possible to avoid reflections, (2) by using a collimated laser diode with a doubly reflected optical path, followed by a Gershun tube for the source optics, and (3) by the use of a beam stop next to the 10°detector to collect the transmitted source beam to avoid any possible reflections.
Experimental Techniques

Inversion Technique
[8] The basic inversion technique is described in detail by Zhang et al. [2011] . Briefly, the light scattered by a volume is a convoluted product of the optical properties of individual particles and their respective concentration, i.e., size distribution. Particles of different sizes and composition, represented optically by their refractive index and shape, scatter light differently and this is manifested in the angular distribution of the scattered light. Typically, smaller angles are more sensitive to particles of larger sizes (much greater than the wavelength of incident light), while larger angles are more sensitive to composition and smaller sizes. Therefore, measurements of VSF, or scattering as a function of angle, contain detailed information about particles.
[9] The volume scattering function can be described as [Zhang et al., 2011] ð
[10] Here, it is assumed that there are M particle subpopulations. The phase function ( i ) describes the shape of the angular distribution of scattering and the total scattering coefficient (b i ) is the integrated scattering in all directions. These parameters are determined by the distributions of particle refractive index (n(r)), concentration (F(r)), internal structure (G(r)), and shape (S(r)), each of which, in turn, is a function of particle size (r).
[11] Zhang et al. [2011] , upon reviewing the previous methods used in inverting particle composition and size from measured volume scattering functions, developed an improved inversion technique in which the individual particle subpopulations can be identified and their compositional (represented by the refractive index) and size properties be quantified. The same principle is applied in this study with some modifications.
[12] The inversion relies on the construction of a kernel function ( i ), in which the phase function of each possible candidate particle subpopulation is represented. The key to the inversion is to construct a library of subpopulation scattering functions (the kernel function) that is not only representative but also nonsingular. The method offers several advantages over earlier inversion techniques Gordon, 1973, 1974; Jonasz and Prandke, 1986; Kullenberg, 1974; Morel, 1973; Schoonmaker et al., 1994; Zaneveld et al., 1974; Zhang et al., 2002] .
[13] Even though bubbles might dominate the optical signal when measurements were made in the bubble plumes, a mixture of bubbles and other particles exists. However, since the focus of this study is the bubble populations generated by breaking waves and their dynamics, a general background particle phase function was used to represent the cumulative optical effect by all nonbubble subpopulations. The proposed use of this general phase function is based on the assumption that the size distribution of nonbubble particles and their composition remain relatively unchanged as compared to bubble populations during the wave breaking. The general background VSF was derived from MASCOT data during calm periods (Figure 1a) .
[14] The size distribution of potential bubble populations was assumed to be lognormal with peak values of 0.25, 0.5, 1, 2, 4, 8, 16, and 32 mm and standard deviation values of 0.1, 0.4, 0.7 and 1.0. These values were determined from (1) the variation of size distribution of natural bubble populations [e.g., Zhang et al., 2002] and (2) from sensitivity analysis [Zhang et al., 2011] . The phase functions were calculated using modified Mie theory for a coated sphere [Bohren and Huffman, 1983] , and examples are shown in Figure 1b .
[15] A linear least squares algorithm with nonnegative variables was used [Lawson and Hanson, 1974; Portugal et al., 1994 ] to solve equation (1) for b i which, representing scattering coefficients, cannot be negative. If one of the derived b i is zero, then the subpopulation associated with the corresponding VSF is assumed to have insignificant contribution.
[16] Because of the complex and nonlinear relationship between a particle population and its optical properties, it is expected that two different particle populations could have similar phase functions. For example, it is well known that for particle sizes significantly larger than the wavelength of light, the scattering efficiency reaches an asymptotic value and the scattering no longer varies with size. For bubbles, populations of different size distribution can have similar phase functions. For example, the calculated phase function for a bubble population with a mode at 1.0 mm radius and standard deviation of 1.0 is similar to that of a mode at 4 mm radius and standard deviation = 0.7, to within 10%. In other words, within the uncertainty of 10%, the inversion cannot differentiate the optical difference between these two bubble populations. Therefore, the interpretation of inversion results should account for these optically similar populations.
Optical Influence of the Bubble Coating
[17] The bubble phase function will change if the bubble is coated, depending on the refractive index and thickness of that coating [Zhang et al., 1998] . While studies have shown that the major chemical components of the film are lipid and protein molecules and the sizes vary from single molecule layer to multiple layers due to folding (O. Wurl, personal communication, 2011) , the exact values of the coating For clarity, we only show three out of the total of 24. The peak radius of each is shown on the plot, and the standard deviation for each lognormal distribution was 0.4 in the cases shown here. The "shoulder" at 80-120°can be seen for the larger bubbles, but not the smallest size. One angle is missing, due to a problem with that detector when these data were collected.
parameters are still unknown. It was assumed that the values of the refractive index and the thickness of film do not change for bubbles of different sizes. The possible values for the refractive index range from 1.10 for lipid type molecules to 1.26 for proteineous type molecules, and for thickness the values range from 0.002 to 0.02 mm, roughly corresponding to the thickness of organic monolayers of different molecular complexity. Figure 1b shows the phase functions of candidate bubble populations with film of refractive index 1.20 and thickness 0.01 mm.
[18] Sensitivity analyses were conducted to ensure the library (i.e., the kernel function) being constructed was neither singular nor pathological [Zhang et al., 2011] . Relatively, and within their respective ranges of natural variability, the peak of a lognormal distribution and the real part of the refractive index exert the largest influence on the shape of the VSF, with the standard deviation of lognormal distribution having a lesser impact. For a given peak size, slight differences in the shape of the particle size distribution (hereafter PSD), as represented by different mathematical functions, have a minor effect on the shape of the VSF, as also observed with variability in the imaginary part of the refractive index. For very small particle subpopulations (radius <0.1 mm), the shape of the VSF is primarily determined by the PSD and for large particle subpopulations (>20 mm), the shape of the VSF is primarily determined by the refractive index.
Acoustical Resonator
[19] The natural frequency of a bubble is determined mostly by its size, and bubbles absorb and scatter sound strongly close to this frequency. Measurements of acoustical attenuation at a range of frequencies can therefore be used to estimate the bubble size distribution in the attenuating water. Several bubble detection techniques have been based on this principle in recent decades [Medwin and Daniel, 1990; Farmer et al., 1998; Terrill and Melville, 2000 ]. An underwater acoustical resonator is an open-sided echo chamber, and its major advantage is that a continuous broadband input signal will produce harmonic resonant peaks in the response spectrum at many frequencies simultaneously. Resonant peaks result when successive reflections interfere constructively, and the many reflections mean that the effective path length of the measurement is many times the physical size of the resonator. Every peak provides a sensitive measurement of acoustical attenuation, and current resonator models generate about 140 resonant peaks between 20 and 800 kHz, providing a bubble radius measurement range of 4-180 mm. The presence of bubbles changes the sound speed as well as causing acoustical attenuation, so resonant peaks are shifted slightly in frequency as they are attenuated (shown in Figure 2 , top). The frequency shift is not used in the analysis, although it can be used to as an extra check on the results. Further details of the acoustical resonator system are provided by Farmer et al. [1998] and Czerski et al. [2011] . The resonator has been deployed many times using a frequency range up to 200 kHz (corresponding to a minimum bubble radius of 16 mm), and recent developments have extended this range up to 800 MHz (corresponding to a 5 mm radius). This project has provided an opportunity to compare the extra bubbles measured with an independent technique.
Combined Deployment
[20] The two measurement devices were deployed together as part of the Radiance in a Dynamic Ocean (RaDyO) study, south of Hawaii in the summer of 2009 (T. Dickey et al., Recent advances in the study of optical variability in the near surface and upper ocean, submitted to Journal of Geophysical Research , 2011). The package configuration and the need for the water in the sensors to be representative of the surrounding water meant that the two sensors could not sample exactly the same volume. The two instruments were approximately 50 cm apart, and this needs to be taken into consideration during the analysis of the results. A photograph showing position of the two instruments is shown in Figure 2 (bottom).
[21] The results discussed here were collected on the 9 September 2009, at 17°39′4″N, 158°40′5″W. The instrument package was tethered to the stern of the RV Kilo Moana with a 30 m cable, and was ballasted to remain approximately 1 m below the surface. There were very few breaking waves, but there was a variable bubble plume just off the stern of the ship, as a result of the wavefield interaction with the Kilo Moana's twin hulls. The Kilo Moana has a SWATH design and was stationary during this deployment, facing into the swell. The hulls present a very small area to oncoming waves, and the waves could pass through the gap all the way to the stern. Waves reflecting off the inside of the hulls would frequently break, generating bubbles. Most of the data shown here come from this bubble plume. Generally, the measured void fractions were very low. The maximum instantaneous void fraction was 2 × 10 −6 measured acoustically and 8 × 10
measured optically, and the average void fraction during the most active period was 6 × 10 −7 (acoustical) or 1 × 10 −6 (optical measurement).
[22] The water at this location had very low levels of colored dissolved organic matter and particulates, and so it is assumed here that all the time-varying optical and acoustical effects seen were due solely to the presence of bubbles. During and before the sampling period, a considerable effort was made to prevent any water contamination caused by the ship. Nothing was discharged from the ship at the sampling site at all, and although the engine was running, the propellers were not turning during the experiment and for several hours beforehand. A small number of water samples were taken from the surface microlayer and at 1 m depth, both several miles from the ship and 50-80 m away. The limited data available is inconclusive, although it suggests that the water around the ship may have contained a small extra amount of surfactant material. The surfactant levels within 100 m of the ship were no higher than those a mile away, but higher than those several miles away. There is no way of knowing whether this may be additional natural surfactant brought to the surface by the movement of the ship, material originating from the ship, or natural variation.
Spatial Averaging
[23] The MASCOT device and the resonator have different sampling volumes and time scales, and care needs to be taken when making comparisons between the results. The acoustical resonator collects data for 250 ms out of every second, and the data from that quarter second time period is one sample. The total volume between the resonator plates is 10 4 cubic centimeters, and each measurement provides the bulk acoustical attenuation averaged over that volume. In contrast, MASCOT has a sample volume of ∼1 cubic centimeter and collects 20 samples per second continuously. In the typical bubble plumes in this experiment, the average bubble numbers per mm radius increment in a single cubic centimeter volume at any given time would be 0.01 bubbles of 100 mm radius, 0.2 bubbles of 10 mm radius and 2 bubbles of 1 mm radius. Consequently, it is necessary to average over many MASCOT samples to represent the entire bubble size distribution. This is complicated by the fact that the bubble population was changing continuously, and the aim was to find the shortest time period over which the MASCOT results would sample enough water to match the acoustical results, while still being able to follow the bubble population with time. It was found that 5 s was the shortest time period over which the MASCOT results could be averaged in order to match the patterns in the acoustical results. Matching did not improve significantly if a longer averaging time was used. It seems likely that this represents the optimum balance between sampling enough water and averaging over a short enough period to follow changes in the bubble population. A 5 s integration period represents a sample volume of 100 cubic centimeters if the water flow through the sample volume is fast enough to make each measurement independent, so even with this averaging, the sampled volumes are still different by a factor of around 100. However, the good agreement between the optical and acoustical results with the 5 s averaging gives confidence that the smaller volume sampled optically is representative of the larger volume sampled by the acoustical resonator. Inconsistencies between the optical and acoustical results on shorter time scales could indicate significant variations in the bubble population over length scales of less than half a meter, but this is hard to resolve here because of the speed at which the overall bubble population was changing. The statistical nature of the comparison described in section 5 should mean that the results are not be affected by the difference in sampling volumes.
[24] The optical inversion procedure chosen was to average all the optical phase functions measured over a 5 s period and Figure 2 . (top) An example of a typical acoustical spectrum with and without bubbles present. The solid line shows an unattenuated spectrum and the red dashed line shows the measured spectrum when bubbles are present. The ratio of attenuated to unattenuated peak height is used to calculate the number of bubbles present that are resonant at that frequency. In addition to causing acoustical attenuation, bubbles also modify the sound speed of the water, so an attenuated peak is also shifted slightly in frequency. As described in the text and by Czerski et al. [2011] , this shift is not used as part of our analysis. (bottom) The instrument package carrying the acoustical resonator and MASCOT. The resonator consists of the two protruding circular plates at the left of the photograph, and the semicircle of MASCOT detectors can be seen in the center of the frame. The MASCOT and resonator sampling volumes were approximately 0.5 m apart.
then invert them as a single sample. For the same time period, five acoustical samples were inverted to get bubble populations and these five were then averaged. These 5 s averages are what are discussed in the rest of this paper, and a "bubble size distribution measurement" refers to a 5 s average, for both techniques.
[25] The bubble plumes sampled are persistent plumes of smaller bubbles. The very high void fractions found in the first second after a wave breaks would overwhelm both sensors, although since the instruments were several meters from where breaking was occurring, saturation did not occur. The authors note that the sample averaging time will obscure spatial variability in the bubble size distribution over distances less than 2-3 m. The structure of the bubble plume is not examined in detail here, since the measured bubble plumes are of uncertain age and that have been formed by the interaction of wind-driven waves with the inside of the SWATH hulls of the Kilo Moana. Instead, the varying bubble size distribution of bubbles formed in situ in the ocean is used as a test for the instrumentation.
Broad Comparison of Results
[26] A time series of the number of bubbles with a radius of 40 mm is shown in Figure 3 , and the results from optical and acoustical techniques are compared. The agreement in the general pattern is good, although the optical results show higher and sharper peaks than the acoustical results. Since the optical sample volume is much smaller, this suggests that the bubble plume may have been spatially inhomogeneous on scales of a few tenths of a meter.
[27] To make an initial comparison, a relatively active 15 min period (63-78 min in Figure 3 ) was chosen, when the void fraction was above 10 −6 for a third of the time. All the bubble size distribution measurements over that time period were averaged for each technique, and a comparison is shown in Figure 4 . In general, the average distributions compare well. The overall slopes are very similar, and the optical results have slightly higher numbers of bubbles than the acoustical results. A definite shoulder around 30 mm in radius is seen in both sets of results. Both sensors detected the same major features. Given this reassuring general agreement, section 4 describes an investigation of the details on shorter time scales.
Choice of Optically Equivalent Populations
[28] The result of the optical inversion routine is one or more bubble populations that could produce the observed volume scattering function. It is possible that a set of optically equivalent populations all produce the same volume scattering function to within 10%, and the default result is the one Figure 3 . The number of bubbles with a radius of 40 mm as a function of time, measured by both optical and acoustical techniques. N is the number of bubbles per cubic meter per mm radius increment. These are the raw results, uncorrected for the presence of coatings. It can be seen that there is general agreement in N with time, but that these uncorrected time series do not show detailed agreement. The chosen "active period" is between 63 and 78 min. shape, but at some bubble radii they differ by as much as a factor of approximately 6. The measurement uncertainties are of the order of ±10% for both sets of data, but there is a greater uncertainty caused by the lack of knowledge about the most appropriate parameters for the inversions. Since these uncertainties are the subject of this paper, we do not try to represent them graphically here.
with the closest match to the measured volume scattering function. This potentially adds to the uncertainty in the final result, since the optical method has no way of distinguishing between these possible populations. In order to assess the significance of differences between these optically equivalent populations, the optical data from every time point in the active period was inverted using a range of parameters for refractive index. This provided a large set of comparable oceanic results to assess the effect of choosing one optically equivalent population over another.
[29] After the 5 s average VSFs had been calculated, the time series was 548 points long. When inversions were done using this time series for each of nine different refractive indices, the total number of inversions was 4932. Out of these, 3618 produced only one bubble population and 1314 produced two optically equivalent populations. Seven samples produced either four or five populations. Time periods with a higher void fraction were slightly more likely to result in more than one population. When only one candidate population is generated, the implication is that no other combinations of the subpopulations produced a root mean square error within 10% of this one candidate when the measured and calculated phase functions are compared. These statistics suggest that the optical inversion routine is surprisingly robust, and that the uncertainty in this type of measurement is much lower than expected.
[30] The differences between the populations where two optically equivalent populations were found are now considered. The data used here is for the time series inverted with a single refractive index (n = 1.18), and out of 548 time points, the inversion produced 25 with two optically equivalent populations, while the other 523 only had one. For those 25 bubble populations which had a possible second equivalent population, Figure 5 shows the ratio between the bubble numbers for the first and second populations on a log scale, calculated separately for each pair of populations. For bubble radii between 1 and 500 mm, the average deviation is less than a factor of 1.5 everywhere in this radius range. There is one population out of the 25 that shows a deviation of a factor of 7 over a limited radius range from 10 to 20 mm, but in general the deviations are low. The high factor deviation for this limited radius range is due to the different widths of one peak in the size distribution at approximately 10 mm. For radii between 1 and 500 mm, the optically equivalent populations resulting from the oceanic data discussed here are effectively numerically equal, on average differing by less than a factor of 1.5. Considering that the bubble number varies over several orders of magnitude for bubbles of different radii, this is a small uncertainty. However, for bubbles smaller than 1 mm in radius, the factor difference in bubble numbers between the first and second inversions can be 2 orders of magnitude. The authors conclude that more research is needed into the origin of this uncertainty for optical scattering measurements of submicron bubbles, and whether it is possible to reduce it. Currently, the results for submicron bubbles from this technique should be treated with caution.
[31] While bubbles affect scattering at all angles, the most salient feature is the elevated scattering at critical angles of 60-80°[e.g., Zhang et al., 2002] . For submicron bubbles, this feature is less pronounced. In other words, the phase function for submicron bubbles is more "similar" to that of nonbubble particles. An average background phase function was used represent the cumulative effect of all nonbubble particle populations in the inversion. Therefore, any deviation in the Figure 5 . Plot showing the factor difference between the first and second optically equivalent populations in 25 cases, as a function of bubble radius. The y axis variable is the ratio of the number of bubbles in the first population to the number of bubbles in the second population. These inversions were carried out with a coating refractive index of 1.18 and a thickness of 10 nm. This time series contained 548 time points, and the 25 lines shown on the plot represent all the inversions that generated two optically equivalent populations in this time series. The thin lines represent individual time periods, and the thick black line represents the average ratio. Between 2 and 500 mm radius, the average ratio is always less than 2. Since bubble populations are plotted on log plots covering up to 8 orders of magnitude, this effectively means that the two optically equivalent populations can barely be distinguished. For bubbles with radii less than 1 mm, the uncertainty about optically equivalent populations is potentially very significant. background population, which can be expected even though the amount of change would be small, would translate more into submicron bubbles than bubbles of larger sizes.
Refractive Index and Thickness of Bubble Coating
[32] The composition of the organic matter in the ocean is complex and is known to vary significantly over relatively short distances [Frew et al., 2006] . Even if the exact composition were known, there is currently no in situ way to be sure about which components are attached to the bubbles. Consequently, making a direct measurement of the refractive index of the coating on an oceanic bubble is not currently possible. Figure 6 shows the effect of changing the parameters used for the optical inversion. Optical inversions were carried out by assuming that bubbles all have the same type of The optical results using a refractive index of 1.18 and three different coating thicknesses. It can be seen that generally the differences caused by varying these parameters are small, and that the thickness makes more of a difference than the refractive index. For a set of given film characteristics (defined by its refractive index and thickness), there are 27 distinctive bubble subpopulations. With an additional background general particle subpopulation, these 28 candidate subpopulations were provided as inputs to the inversion algorithm, which will identify the possible subpopulation and determine the corresponding concentration. The final size distribution of a bubble population will be the summation of all the subpopulations (excluding the background) that are determined to be present. The entire procedure was repeated for several film characteristics. b The three values represent the initial value, increment, and final value, respectively.
Figure 7.
Representative ratio difference between the acoustical bubble numbers and the optical bubble numbers calculated with different coating parameters. The bubble radius range considered was 5-50 mm. The representative ratio is 10 hEi , where E is calculated using equation (2). A low value of the ratio indicates better agreement between the optical and acoustical results. When the coating thickness was varied, the refractive index was kept constant at 1.18, and when the refractive index was varied, the coating thickness was kept constant at 10 nm. (a) A coating thickness of 10 nm produces the best agreement, and (b) a refractive index of 1.18 produces the best agreement between optical and acoustical measurements. organic film with fixed refractive index and thickness. The refractive index of film typically varies from 1.10 to 1.26, and thickness from 0.002 to 0.02 mm (Table 1) . By carrying out the optical inversion for each combination of coating refractive index and thickness, it is possible to investigate optimizing the parameters used for the optical inversion by comparing the outcomes to the acoustical results.
[33] For the statistical comparison of optical and acoustical results, a set of log-spaced radii was chosen for two radius ranges. These radii in mm were described by exp(v) where v is Figure 9 . The effect of a coating on the acoustical resonance properties of a bubble. In each case, the red solid line represents the acoustic response of a clean bubble, and the blue dotted line shows the acoustic response of a coated bubble with the same radius. The effect of a coating increases as the bubble radius decreases, and the magnitude of the acoustical response also decreases. The coating parameters used here were G s = 80 MPa, m s = 1.7 Pa s, and the coating thickness is 10 nm. Figure 8a shows that the uncertainty due to the coating thickness for bubbles smaller than 5 mm is far larger than the uncertainty due to refractive index for these bubbles. For 5-50 mm bubbles, the coating thickness is still the more important parameter, although the uncertainty that it contributes is lower than for the smaller bubbles. a vector of 46 values from 1.65 to 3.1 with a spacing of 0.05. The resulting bubble radius range was 5-50 mm. A second radius range was produced by dividing all those values by 10, giving a range from 0.5 to 5 mm. The reason for this choice was to weight the comparison evenly along a log plot of radius, while not using the peak positions of the optical subpopulations. The bubble numbers were compared in log space so that the sum was not biased toward the smallest bubbles (with the highest bubble numbers). The following sum was then calculated for each 5 s sample in the time series:
where i is the index of the radius vector (i = 1:46), N is the bubble number at that radius and n is the total number of radii. The final outcome is a representative value of E over the whole time period. 10 hEi is the representative factor difference between optical and acoustical results, where the larger value is always the numerator so that the values are all greater than 1. These results are plotted in Figure 7 .
[34] E(t) was also calculated using the optical bubble numbers from a midrange value as a reference for comparison to the optical bubble numbers using other parameters. This is to assess how much varying refractive index or thickness affects the final bubble numbers. For the thickness comparison, 10 nm was chosen as the reference value, and for the refractive index comparison, 1.18 was chosen. These values have no significance in themselves, except that they are approximately at the middle of the reasonable range for these parameters. Figure 8 shows this comparison for two radius ranges, 0.5-5 mm and 5-50 mm. As might be expected, for the 5-50 mm radius range, varying the two parameters only makes a small difference to the final bubble numbersa maximum average factor of 1.9 for coating thickness and 1.3 for refractive index. However, for the 0.5-5 mm bubbles, using the wrong coating thickness could change the final results by up to a factor of 10, and an inappropriate refractive index by a factor of 2.5.
[35] These results demonstrate that for the radius range 0.5-5 mm, the most important factor contributing to uncertainty in the final bubble numbers is the coating thickness. The refractive index makes relatively little difference for either of the bubble size ranges examined (always less than a factor of 2.5), and the thickness makes a relatively small difference to bubble numbers for radii greater than 5 mm (always less than 2.2). Overall, Figure 7 shows that a coating thickness of 10 nm and a refractive index of 1.18 provide the best match between optical and acoustical results for bubbles between 5 and 50 mm in radius. Those parameter values produced the smallest difference between the optical and acoustical results, when these were quantified using equation 2. These values are quite reasonable, as coating thicknesses have typically been estimated in the 0.01-0.1 mm range for surfactant molecules of types of lipids (e.g., fatty esters, fatty acids) to proteins (e.g., glycoproteins, proteoglycans) [Glazman, 1983] . The hydrophobic complex carbohydrate and protein organic material thought to comprise the coating has refractive indices ranging from 1.18 to 1.20 [Aas, 1996] .
Resonator Performance for Bubbles With Small Radii
[36] In recent years, an effort has been made to extend the bubble radius range of acoustical resonators. They have generally been used to measure bubbles from 20 to 300 mm in radius, and recent developments [Czerski et al., 2011] have extended this range to smaller bubbles. However, no independent calibration of the resulting bubble size distributions has been carried out. The experiments described in this paper presented an opportunity to assess the resonator performance for these small bubbles and to consider the effect of bubble coatings on the results.
[37] It is known that organic coatings affect the acoustic response of bubbles [Hoff et al., 2000; de Jong and Hoff, 1993] because the coating stiffens the bubble. A coated bubble will have a higher resonant frequency and a lower overall acoustic cross section than an equally sized clean bubble, as shown in Figure 9 . The effect of the coating increases significantly as bubble size decreases, and all acoustical ocean bubble studies to date have assumed that the Figure 10 . The effect of correcting an acoustically measured bubble size distribution for the presence of a coating. The thin blue dashed line is the optical bubble measurement, the thick red dashed line is the uncorrected acoustical measurement, and the thick black line represents the corrected acoustical measurement. The populations used here are the averaged populations in the active region. The parameter values used for the optical inversion were n = 1.18 and d = 10 nm. It can be seen that the agreement between optical and acoustical results is improved if the coating is included in the inversions, mainly because the peak is then at 8 mm for both data sets. effect of the coating can be ignored over the measured size range. This part of our study is necessarily speculative because the two coating properties that have the greatest effect on the bubble oscillation are very difficult to measure. These properties are the shear modulus G s and the shear viscosity m s . The authors are not aware of any attempt to measure these properties directly for the coatings found on bubbles in the ocean. Two-dimensional surface properties have been measured [Frew et al., 2006] , but these cannot be used to calculate the coefficients needed here. Most of the work in this area has been done on ultrasound contrast agents, for medical purposes. Even in that field, these properties have been accurately measured for a very limited range of chemicals, and since many of them are proprietary substances, it is hard to know how widely applicable those results are.
[38] Hoff's model [Hoff et al., 2000] is used here to calculate the effect of bubble coatings. The authors note that this model uses the assumption that the coating makes bubble surface tension negligible, and that Hoff's paper presents experimental data that shows good agreement with that model. Consequently, we will not discuss surface tension further here. In that paper, a modified Rayleigh-Plesset equation is derived to take account of the extra layer, leading to modified equations for the acoustic cross section. The required parameters are the coating thickness d, shear modulus G s and shear viscosity m s . The coating thickness will be set at 10 nm, following on from the optical study described above. The value used for shear viscosity is the same as in the work of de Jong and Hoff [1993] , 1.7 Pa s, and shear modulus values from 17 to 40 MPa will be considered. de Jong and Hoff [1993] found that a value of 88.8 MPa best fitted the results for the substance Albunex, and Hoff et al. [2000] found that 10.6-12.9 MPa best fitted the results for a polymer. The substances used in their studies were both proprietary, and the authors have been unable to find values for specific coating materials. Our findings here are approximate, based on imperfect data, although it represents the first step toward consideration of the acoustical effects of the coatings on ocean bubbles. Table 2 shows the difference that a coating makes to the acoustical properties of bubbles of different sizes.
[39] The same averaged bubble populations will be used as in Figure 4 . The optical data for a 10 nm coating and a refractive index of 1.18 will be used for comparison. Figure 10 shows the acoustical bubble population corrected to take account of the changes that the coating makes to the acoustical properties of the bubbles.
[40] The best match with the optical results is achieved with an elasticity value of 40 GPa, mainly because the peak in the acoustical results at around 8 mm radius then matches the peak in the optical results. In general, a coating with these parameters will only change the acoustical results slightly, but the fit between optical and acoustical results was improved for our data.
[41] Figure 11 shows the effect of correcting for the coatings in a time series. If coatings were ignored, the comparison between 5 mm bubble measurements for the two techniques is poor. However, once coatings are taken into account, and it becomes apparent that the 650 kHz acoustical measurement actually corresponds to a bubble radius of 9.5 mm and not 5 mm, the comparison is significantly better. This gives confidence that the resonator is capable of accurately measuring bubbles smaller than 20 mm in radius, as long as potential coatings are taken into account. A major conclusion of this study is that correction for the bubble coating is an essential stage of acoustical bubble measurements for bubbles less than about 20 mm in radius. This preliminary study suggests that careful colocated optical and acoustical measurements of small bubbles could be used to learn more about bubble coatings in situ in the ocean.
[42] Because of the measurement location (at the stern of the ship), it is not possible to draw any general conclusions about the bubbles underneath breaking waves from this study. In these data, the 5 s averages of different bubble sizes all increase and decrease in number together so that the shape of the population stays nearly constant. There was a nearly continuous source for the bubbles in this location, and the current was continually advecting the bubble plume past the sensors at an unknown speed. It seems likely that this continual renewal is why no difference was seen between the persistence in our data of larger and smaller bubbles.
Conclusions
[43] Optical scattering data and acoustical attenuation data were collected simultaneously in the ocean, with the aim of using the comparison to improve the accuracy of bubble measurements for bubbles less than 30 mm in radius. The general agreement between the two techniques was good throughout the measured size range.
[44] A comparison was made of acoustical bubble results with the results from optical inversions carried out using a range of parameters for bubble coating thickness and refractive index. The parameters which produced the best fit between optical and acoustical results were a coating thickness of 10 nm and a refractive index of 1.18. Optical inversions are relatively sensitive to the coating thickness chosen for bubbles smaller than 5 mm in radius (with variations in bubble number possible of up to a factor of 10, depending on the parameter chosen). The choice of refractive index makes a much smaller difference, with a maximum difference of a factor of 2.5 for bubbles smaller than 5 mm and 1.3 for larger bubbles.
[45] It is possible that more than one bubble size distribution could produce the same volume scattering function, and comparisons were made of the optically equivalent populations produced by the inversion algorithm. In the vast majority of cases, for bubbles greater than 1 mm and smaller than 500 mm in radius, where more than one population was a candidate, the optically equivalent populations were found to be effectively equal, with the average maximum ratio between them being 1.5, and usually much less. For radii smaller than 1 mm, the differences could be very large, up to a factor of 100.
[46] The effect of bubble coatings on the acoustical results was examined, and was potentially found to have a significant effect on acoustical measurements of bubbles less than 20 mm in radius. Although the correct values of the shear modulus and shear viscosity for oceanic bubble coatings are unknown, values for other substances in the literature were used for a preliminary study. The fit of the acoustical results to the optical results was considerably improved when a correction was made for a 10 nm thick coating with a shear modulus of 40 MPa and a shear viscosity of 1.7 Pa s. The full statistical comparison with the optical results was not repeated because of the uncertainty over the appropriate values to choose for shear modulus and shear viscosity.
[47] Our results were limited by the necessary separation of the sampling volumes for the two different sensors (approximately 50 cm), but it has been shown that combining these two techniques can lead to new insights into the coatings on small bubbles in the ocean. This research points to a possible method for constraining the parameters for oceanic bubble coatings with in situ measurements, which could be useful for many different areas of near-surface oceanography.
